The accumulation of tetraphenylphosphonium (TPP@), 5,5'-dimethyloxazolidine-2,4-dione (DMO), and a micro pH electrode were used to measure membrane potential, intracellular and extracellular pH, respectively, upon the addition of exogenous sucrose to soybean cotyledon protoplasts. Addition of sucrose caused a specific and transient (a) depolarization of the membrane potential (measured by TPPF accumulation), (b) acidification of the intracellular pH (measured by DMO accumulation), and (c) alkalization of the external medium (measured by a micro pH electrode). The time course for all these changes was similar (i.e. 5 to 10 minutes). Based on the rate of sucrose uptake and alkalization of the external medium, a stoichiometry of 1.02 to 1.10 for proton to sucrose was estimated. These data strongly support a proton/sucrose cotransporting mechanism in soybean cotyledon cells.
Kinetic analyses of sugar uptake into protoplasts isolated from a rapidly growing soybean cotyledon revealed that at low external sugar concentrations, sucrose is preferentially transported over glucose (14, 22) . This difference in sugar uptake is mainly due to the presence of a saturable uptake component for sucrose but not for glucose (14, 22) . The responses of sucrose uptake into protoplasts (14, 22) and excised intact soybean cotyledons (9, 26) to the external pH, temperature, and several metabolic inhibitors suggested a proton cotransport mechanism in sucrose uptake, but the evidence was circumstantial at best. Electrogenic sucrose/proton transport predicts that the addition of sucrose could cause (a) a transient depolarization of the membrane potential because of the initial influx of the charged proton, (b) a transient acidification of the internal cytoplasm resulting from proton entry, and (c) alkalinization of the external medium due to proton disappearance from the medium. These changes should both be transient (because of the re-establishing of the proton gradient by an active proton pump) and specific for sucrose.
In this study, we used TPP+2 (2, 6, 7, 12, (18) (19) (20) (21) 27) , DMO (3, 6, 24, 25) , and external pH monitor (6-8, 17, 18, 31) plasts isolated from developing soybean cotyledons. The stoichiometry of sucrose and proton in the system was also estimated. The results strongly support a sucrose/proton cotransport in soybean cotyledons.
MATERIALS AND METHODS
Protoplasts were isolated from developing soybean (Glycine max L. Merr cv Wye) cotyledons as described previously (14) and suspended for all experiments in a basic medium of 0.5 M sorbitol, 10 mM CaCl2, and 25 mM Mes-KOH (pH 6.0). Sucrose uptake into the protoplasts was also according to Lin et al. (14) except as noted.
The electric potential difference between the protoplasts and the surrounding medium (membrane potential of the protoplast) was calculated using the Nernst equation (15) aliquots of protoplast suspension were placed onto a silicone oil microfuge tube (11, 14) and protoplasts were separated from the medium by a 30-s centrifugation. Radioactivity and protein content of protoplast pellets were then measured. To estimate the internal volume of the protoplasts in each aliquot, 'water space' and 'mannitol space' were measured after simultaneous incubation with ['4C]mannitol and 3H20 (both from New England Nuclear) as previously described (28) .
Intracellular pH of the protoplasts following DMO incubation was calculated according to the following equations (16, 20) 
and c 14C taken up VO Co "1C administered V1 (2) Where 'i' and 'o' denote the inner and outer phases, respectively, 'C' is the concentration of H-DMO + DMO-, and 'V' is the volume. Also pK DM0 is assumed to be equal to pKo,DMO. DMO (Table I) . However, pretreatment of protoplasts with TPP+ for 40 min before the uptake of sugar and amino acid caused a 20 to 50% increase of the influx of solutes (Table II) . These data showed that the four essential prerequisites for using TPP+ to estimate membrane potential (4, 5) have been met for protoplasts isolated from developing soybean cotyledons. By subtracting a relatively small amount of bound TPP+, TPP+ distribution was used to estimate membrane potentials of protoplasts. Although the calculated membrane potentials are lower than those reported for excised cotyledon tissue (9) using microelectrodes, the values reported here are similar to most membrane potential values reported in several isolated protoplasts measured either with TPP+ or microelectrodes.
Sucrose-Dependent Depolarization. After protoplasts were pretreated with I mm sucrose for various time periods in a 0-to 30-min range, a 10-or 30-min TPP+ accumulation period was applied to calculate the concentration of cytoplasmic TPP' concentration and thus the membrane potentials. Figure 3 (Fig. 4) . This biphasic curve consisted of saturable and linear components similar to those observed in the sucrose influx in these same protoplasts (14, 22 (3, 6, 24, 25) . Again, controversial statements concerning the accuracy of the pH value obtained through this technique have been raised (16, 20) . In isolated Asparagus mesophyll cells, a rapid equilibration of ['4C]DMO between the cells and external medium was reached (3). Recently, DMO has further been used to monitor the change of intracellular pH in responding to the change of external pH in Chara corallina (24) . The fast distribution of ['4C]DMO between the external medium and plant cells may be useful in monitoring the change of intracellular pH during the course of sucrose influx in isolated protoplasts.
The use of ['4C]DMO to determine intracellular pH is based on the assumption that DMO is an inert substance to the cell and the undissociated acid, H-DMO, is transported passively across biological membranes and that the membrane is impermeable to the DMO-anion (1, 16, 20) . This requires the establishment of passive equilibrium of DMO distribution during u -,.. (1) . Also, a fast and near complete exchange of DMO in the cell with the external DMO molecules was observed in isolated soybean cotyledon protoplasts (Fig. 6 ). This is consistent with the notion that DMO is freely transported across the biological membranes (1, 23, 25, 29, 30) . Furthermore, addition of up to 40 ,M DMO in the protoplast suspension did not affect protoplast respiration.
To measure the effect of sucrose influx on intracellular pH, a 5-min accumulation of ['4C]DMO was measured in protoplasts which had been pretreated with I mm sucrose for different lengths of time (0-15 min). Intracellular pH was then calculated according to equation 1 . The time course of this change is shown in Figure 7 . A 5-to 10-min transient decrease of intracellular pH of about 0.2 pH unit was observed in soybean cotyledon protoplast upon the addition of I mm exogenous sucrose. The same concentration of 3-0-MG did not induce any intracellular pH change, even though 3-0-MG was accumulated by the protoplasts (14, 22) . PCMBS, which inhibits sucrose influx (10, 22, 26) , abolished this transient acidification of the intracellular pH.
DMO uptake decreased with increasing external pH (from pH 4.0 to pH 8.0) (Fig. 8A) . Using equation 1, the effect of external pH on the intracellular pH was then estimated (Fig. 8B) . A biphasic intracellular pH change upon changing of external pH was observed. Increasing external pH from 4.0 to 6.0 resulted in an increase of intracellular pH from 6.67 to 6.69. The intracellular pH jumped to pH 7.55 after the external pH was further increased to pH 8.0. This biphasic intracellular pH change upon the change of external pH was also observed in Chara corallina (24) . Figure 8B also shows that 1 mM exogenous sucrose induced a greater transient acidification of the intracellular pH at lower external pH than that at higher external pH. A greater than 0.3 pH unit change was calculated at pH 4 Sucrose-Dependent Alkalizations. One ofthe most commonly used criteria for establishing the coupling of H+ to the substrate influx is the occurrence of a transient alkalization of external media upon substrate addition (6-8, 17, 18, 31) . To further demonstrate H+/sucrose cotransport in isolated soybean cotyledon protoplasts, external pH changes were monitored upon the addition of exogenous sucrose. Due to a relatively high buffering of the protoplasts in the medium and a relatively lower sucrose influx (compared to the other systems (6, 8, 31) , 5 mM exogenous sucrose was required to produce a measurable transient alkalization of the medium (Fig. 9) . The transient alkalization is specific to sucrose since the same amount of mannitol failed to induce any pH change of the medium. This alkalization of the external medium lasted for about 10 min and a second addition of sucrose did not induce any further pH changes. These changes are consistent with most substrate-induced transient alkalization H+ cotransporting systems (6, 8, 18, 31) . Comparison of the initial rate of alkalization and sucrose influx gave a 1.02 to 1.10 H+/sucrose ratio. 
CONCLUSION
Measurements of membrane potential, intracellular pH, and external pH in soybean cotyledon protoplasts following sucrose addition show that sucrose uptake into these protoplasts is coupled to the cotransport of protons. The removal of cell wall has greatly enhanced the applicability of TPP+ and DMO as chemical probes to estimate membrane potentials and intracellular pH of plant cells, respectively. These chemical probes can further be used to monitor the changes of membrane potential and cytoplasmic pH upon the alteration of the cellular energetic status.
